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We report a systematic study of the c lattice parameter in the Naa;Co02 phases versus Na content 
X > 0.5, in which sodium always displays ordered arrangements. This allows us to single out the first 
phase which exhibits an antiferromagnetic order at a Neel temperature Tjv =22 K which is found to 
occur for x ~ 0.77(1). Pure samples of this phase have been studied both as aligned powders and 
single crystals. They exhibit identical ^'^Na NMR spectra in which three sets of Na sites could be 
fully resolved, and are found to display T dependencies of their NMR shifts which scale with each 
other. This allows us to establish that the T variation of the shifts is due to the paramagnetism 
of the Co sites with formal charge state larger than 3^. The existence of a sodium site with axial 
charge symmetry and the intensity ratio between the sets of ^'^Na lines permits us to reveal that 
the two-dimensional structure of the Na order corresponds to 10 Na sites on top of a 13 Co sites 
unit cell, that is with x = 10/13 « 0.77. This structure fits with that determined from local density 
calculations and involves triangles of 3 Na sites located on top of Co sites (so called Nal sites). The 
associated ordering of the Na vacancies is quite distinct from that found for x < 0.75. 



I. INTRODUCTION 

Since the discovery of high thermo-electric power— and 
superconductivitj*^ in layered cobaltates Na2;Co02, ex- 
tended efforts have been made in order to understand 
the importance of electronic correlations in their metal- 
lic and magnetic properties. While the x = I compound 
is a band insulator;^ a slight reduction of Na content 
down to X ~ 0.75 results in various antiferromagnetic 
(AF) phases with distinct Neel temperatures detected by 
local probe measurements such as /xSR— i^, NQR/NMR^r— 
or by thermodynamic propertie o^^i^^ . Neutron scattering 
data established that the AF state is of A-type that is 
ferromagnetic in the C0O2 planes and AF between planes 
as long as a; > 0.75fi2ii^ NMR studies established that 
similar Curie- Weiss paramagnetism occurs above 100 K 
down to X = 2/3, though ordered magnetism does not 
occur below x of the order 0.75.— The study of the spin 
dynamics by spin lattice measurements in NMR also has 
evidenced that ferromagnetic correlations are still dom- 
inant in planed, but switch abruptly to AF correlations 
in plane for x < 0.62.— 

While many experiments and theoretical calculations 
have considered that the Co magnetism is uniform, it 
has been evidenced by NMR that Na displays an atomic 
ordering associated with Co charge disproportionation 
in the planes . ^i^'^^" — Such Na ordered atomic struc- 
tures have been observed by TEM,— neutrons,— and x- 
raysi^"— In NaiCo02 the single Na site is located on 
top of the center of a Co triangle, in a configuration usu- 
ally called Na2. Numerical simulations^^ and electronic 
structure calculations^^ suggest that the Na2 vacancies 
formed for x < 1, are ordered in the Na plane. These va- 
cancies have a tendency toward clustering and, depend- 
ing on X, these clusters induce altogether the appearance 
of isolated Nal sites (on top of a Co) in divacancy clusters 



or of trimers of Nal sites in trivacancy clusters. 

Of course the incidence of the structural order on the 
charge disproportionation and on the physical properties 
is still an important pending question. However, the ex- 
perimental situation that prevails so far is quite unusual 
in solid state physics, as most experiments do not per- 
mit altogether to establish reliably the relation between 
the local order proposed, the actual Na content and the 
local magnetic properties of the studied samples. We 
have demonstrated that NMR/NQR is a powerful tech- 
nique allowing us to establish this correlation, and ap- 
plied it to the specific x = 2/3 phase.— There we found 
ordered divacancies resulting in isolated Nal sites in the 
Na plane. They are accompanied by the differentiation 
of Co'^+ non magnetic sites, on top and below the Nal, 
with respect to Co sites with a formal valence w 3.44 lo- 
cated on a kagomc substructure of the triangular cobalt 
lattice. The local magnetic properties of these cobalt 
sites could be studied in great detail^S Theoretical work 
suggests that the electronic correlations are enhanced for 
this X = 2/3 composition,— and that this Na content is 
indeed the turning point between AF and ferromagnetic 
in-plane correlations.— 

To expand our work toward higher Na contents for 
which the Na order might have a prominent incidence on 
the magnetic 3D order, we have selected to study here 
the magnetic phase with a well defined T/v = 22 K which 
we had detected quite early by /iSRj^ This appears to be 
one of the most stable magnetic phases, which has been 
found by many authors. However a large controversy still 
exists on the actual Na content of this phase which some 
have found near the composition x « 0.75^ i^'^'^i'^° while 
others reported a composition of a; = 0.82i^ This lat- 
ter estimate of Na content introduced some confusion in 
the scientific community and required considering com- 
plicated staging structures with different Na contents on 



alternating planes, a situation which has been therefore 
proposed for most Na concentrationsi^ 

Here we present experimental work that resolves these 
data differences but also allows us to characterize the in 
plane Na atomic order in this Tm = 22 K phase. We 
could synthesize both a single phase powder sample of 
this phase that has been aligned in the NMR field, and 
single crystals in which this phase could be isolated. The 
x-ray data analysis and the ^^Na NMR results allow us to 
confirm on secure physical grounds our calibration scale, 
which has been recently confirmed by electrochemistry.— 
We demonstrate that the Tn =22 K phase corresponds to 
a Na content oi x 0.77 and matches the simple planar 
Na order proposed in Ref. [1^ with 13 Co per unit cell 
containing only Na trivacancies (or Nal trimers). The 
^■^Na NMR data are not sufficient so far to permit us 
to fully resolve the 3D stacking of this unit cell. But 
they allow us to conclude that this stacking does not 
require any complex staging, and that the concentration 
X, which can be deduced from our c{x) curve permits one 
to reconcile most existing data. 



II. SAMPLE SYNTHESIS AND 
CHARACTERIZATION 

We discuss here the preparation of the sample pow- 
ders, and give evidence that we could produce single 
phase samples. The analysis of the x-ray data allows 
us then to determine a calibration curve for the variation 
of the c axis parameter versus x and report the existing 
composition gaps. Preparation of samples with a float- 
ing zone technique which usually allows to synthesize ho- 
mogeneous single crystals will then be discussed and it 
will be shown that in such conditions multiphase samples 
with various Neel temperatures are usually produced. 



A. Powder samples 

We have detailed in former publications the method 
used to synthesize powder samples suitable for NMR ex- 
periments in the range of concentrations between 0.45 
and -0.78^iii There we have shown that x-ray diffrac- 
tion allowed us to select single phase samples, that is 
phases with a well defined Na ordering. Indeed, the sys- 
tematic study of the powder x-ray spectra for various 
nominal Na contents allowed us to separate pure phases 
from multiphase samples with distinct c axis parame- 
ters. We took systematic x-ray spectra for samples with 
X > 1/2 for increasing Na content, by steps of 0.3% in Na 
content. Wc could then track all the hexagonal two lay- 
ers P2 phases {P63 / mmc, n°166) which can be quenched 
at room T up to the T/v =22 K phase. 

This preparation procedure also allowed us to produce 
the distorted 03 rhombohcdral (monoclinic) phase con- 
ventionally named three-layers which cannot be prepared 
in oxygen atmosphere at high temperature (850-900°C). 
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FIG. 1. (Color online) Part of the x-ray powder spectra be- 
tween 62 and 72° reflection angles for x = 0.72, the Tjv = 22 K 
phase and the higher x monoclinic phase with Tjv = 29 K. For 
any 0.72 < x < 0.77, the spectra are superpositions of the two 
spectra of the pure phases. One can see that in these pure 
phases the simple observation of the (008) Bragg peaks per- 
mits ensuring the absence of phase mixing. The 0.82 phase is 
monoclinic C2/m (n°12, one-layer) structure with a splitted 
110 reflection (2 arrows in the figure) and a 004 equivalent 
to the hexagonal (two-layers) 008 reflection. This structure 
results from a strong shear distortion of the rhombohedral 
R — 3m (three-layers) modiflcation of the Na-Co-02 packing. 
(The double peak structure corresponds here to the two Bragg 
peaks associated with the Cu Kai and Kq2 radiations). 



They are only obtained either by Na dc-intercalation 
starting from x — I or by direct synthesis in argon atmo- 
sphere at 600-700°C depending on composition. 

Wc illustrate that point by displaying the powder 
diffraction Bragg peaks shown in Fig. [T] for the pure 
Ttv = 22 K phase and the closest phase with lower Na 
content. For intermediate concentrations between these, 
we always find mixed-phase samples with the two end 
phases. The diffraction peaks of the monoclinic phase 
which occurs in the same range of angles as that of the 
(008) for the hexagonal phase is also displayed in Fig. [1] 
for the pure T/v = 29 K phase detected initially by /iSR in 
our research groupi^ The diffraction angles for our pure 
phases are quite similar to those reported by Shu et al 
on single crystal multiphase samples (see their Fig. 2 in 
Ref. i23l ). So wc certainly identified the same ordered 
phases, but we have synthesized them as pure phases. 
We could not synthesize in powder form the pure mag- 
netic phase with T/v = 9 K which is located between the 
T/v = 22 K and Tn = 29 K phases, although we got 
mixed phase samples. We shall see later that we also 
found this T/v = 9 K phase embedded in single crystals. 

The actual Na content of these phases can then be 
monitored by the c axis parameter value, which could be 
accurately obtained in our case by full Rictveld analysis 
of the diffractions on a range of angles 29 = 10° — 130° 
(for Cu Kq). But estimates of the actual Na content 
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require a determination of the calibration curve c(x) on 
such single phase samples. We determined accurately 
three points: 

(i) the X = 1/2 phase for which the structure is well 
established and c = 11.1310(3) A; 

(ii) the X = 2/3 phase for which we have deter- 
mined the structure by NMR/NQR,?^ which has then 
been fully confirmed by x-ray Rietveld analysis with 
c =10.9383(3) Aj^i 

(iii) the x = 0.71 pure phase, which has a characteris- 
tic NQR spectrum)^ quite distinct from that for x = 2/3, 
and could be synthesized with full thermogravimetric 
control from the constituents Na2C03 and C03O4 with- 
out mass loss. For this phase c =10.8874(3) A. 

We notice, as shown in Fig. [21 that these three points 
define a linear relation between x = 0.5 and x = 0.71. 
This plot allowed us to determine the concentration x 
of the pure phases which could be stabilized at room 
T in the absence of air contamination for all interme- 
diate concentrations. We have reported in Fig. [2] their 
c parameters and delineate there the composition gaps 
for which only mixed phase samples can be produced. 
This allows us to locate the sample compositions we have 
been studying so far by NQR/NMR up to a; = 0.72^ 
It is clear that the large composition gap which occurs 
above x = 0.72, and the structural change which occurs 
above allowed us to identify reliably and reproducibly 
the Tjv = 22 K phase. Indeed, the single phase sample 
with the (008) diffraction peak located at 9 « 69.5° at 
room temperature was found to display a single magnetic 
transition detected at = 22 K by fiSK experiments.— 
Notice that, for the powder samples of this phase we did 
not succeed in indexing the weak superstructure or in- 
commensurate satellites due to Na order, contrary to the 
case of all the samples with x < 0.72. 

The recent study^ of the phase diagram done by elec- 
trochemical control of the Na content allowed us to ver- 
ify our a; = 2/3 structure, and permitted us to confirm a 
phase diagram in overall quite good agreement with ours. 
There, the difference between the 0.71 and 0.72 phases 
quite well evidenced from NMR/NQR dat£k^ could not 
however be resolved. Their c(x) calibration curve, in 
good agreement with ours, is displayed on Fig. [31 to- 
gether with the quite distinct one determined in Refs<^i^ 
by the inductively coupled plasma method and electron 
probe analysis.— 

For the Tjy = 22 K composition, assuming that a lin- 
ear extrapolation of our c{x) curve applies, one would 
deduce x sa 0.78, slightly above the value 0.75 that has 
been assumed by many including us and in total disagree- 
ment with the X = 0.820 value of Shu et al^ The results 
of Ref. [m indicate that the c{x) curve might, however, 
not be linear up to the highest Na contents and might 
bend slightly down so that the Tjv = 22 K phase might 
correspond to 0.76 < x < 0.78. 

Let us point out that powder samples with composition 
larger than 0.78 could only be synthesized in the three 
layer monoclinic structure 03. The corresponding c axis 
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FIG. 2. (Color online) Calibration curve for the c axis pa- 
rameter versus Na content for the P2 hexagonal two layers 
phases (full line) based on the three data points plotted as 
filled circles (see text). We reported on this full line the c 
parameter values (empty circles) obtained for all pure phase 
samples we could synthesize. Intervals with no data point 
marked by grey bars correspond to composition gaps. Linear 
extrapolation toward the data points corresponding to sam- 
ples for which Tn = 22 K suggest x « 0.78 for that phase. 
The sample compositions studied in Ref. [3 are reported as 
II67, 071, H72, and H75. The filled squares are data for the 
monoclinic 03 three-layers phases (see text). They appar- 
ently lie on a slightly distinct c(x) line starting from x = 1/2. 
The c(x) curve reported in Ref.lSlI (dashed, gree n) agrees well 
with our data, while that reported in Ref. [S^ (dash-dotted, 
blue) departs markedly. 



values projected on the hexagonal cell c axis also have 
been reported in Fig.[2l The x values are however reliable 
as the samples were synthesized at relatively low T with 
therefore negligible Na loss. 

The linear variation that appears to apply from the 
monoclinic a; = 1/2 phase up to about x = 0.82 is only 
slightly different from that for the hexagonal phases and 
does not extrapolate at the c axis value for the a; = 1 
rhombohedral composition, which is a completely differ- 
ent structural modification with a large composition gap 
above x = 0.86. 

For all the high Na content phases with x > 0.72 the 
samples evolved if submitted to any humid air as had 
been monitored from detailed evolution of the NQR spec- 
tra, which allowed to evidence the Na loss.— NQR and 
zero field NMR experiments at 4.2 K on a non oriented 
fraction of a T/v = 22 K phase sample allowed us to en- 
sure that the sample was not contaminated at the 10% 
level by any paramagnetic phase with lower a;, for which 
the NQR signals had been perfectly identified.— 

After alignment in an applied field, with the procedure 
described in Ref. [13, the very sample on which most of 
the NMR experiments had been done had been kept at 
liquid N2 temperature and only heated to 200 K dur- 
ing experimental runs and never taken back to room T. 
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NMR experiments allowed us to confirm that the phase 
content of this sample did not evolve significantly during 
the alignment process, as detailed in Appendix lAl 



B. Single crystal samples 

Synthesis of single crystal samples has been performed 
in an image furnace by a floating zone technique. Pieces 
which appeared as single crystals could be cleaved in 
some parts of the 11 cm long synthesized bars. To permit 
rf field penetration for the NMR experiments on sam- 
ples exceeding 100 mg, we sliced these samples into thin 
pieces of about 200 /im thickness and piled those upon 
each other with teflon tape separations. 

Three such samples named SCI, SC2 and SC3 have 
been used and their magnetic properties were controlled 
first by SQUID measurements which established that the 
Na content was not uniform in those macroscopic sam- 
ples. One could easily see in Fig. |3] the signatures of 
three magnetic transitions at 9 K, 22 K and 29 K, which 
differed in the three samples. While SCI and SC2 exhib- 
ited initially transitions at 9 K and 22 K, SC3 exhibits 
the 9 K and 29 K transitions. So these transitions are 
characteristic of independent Na ordered phases and the 
samples are mixed phases presumably of adjacent phases 
in the phase diagram. 

So, such an image furnace synthesis does not allow a 
full control of the Na content, which was found depen- 
dent on the excess Na used in the starting materials and 
of the Na loss which depends critically on the growth con- 
ditions. Although the samples appear as single crystals 
for the ordering of the C0O2 lamellas, the homogeneity of 
Na content is not realized in such macroscopic samples, 
which often display multiphase content. This was simi- 
larly found by many others as well.— As will be shown 
hereafter, ^'^Na NMR data helped us to better charac- 
terize the crystallinity of these samples and the phase 
content. 

The 22 K and 29 K phases were known and isolated 
already in powder samples for the /iSH experiments^ 
while, as said above, we never were able to synthe- 
size powder samples displaying a majority phase with 
Tn =9 K. Also for the 22 K and 29 K phases SQUID 
magnetic transition signals were not found to depend on 
the cooling process of the sample. On the contrary, as 
can be seen in Fig. [3j the SQUID transition signal of the 
9 K phase could be depressed by fast cooling below 200 K, 
which indicates that some specific Na ordering has to be 
established by slow cooling to stabilize the T/v = 9 K 
phase 

We expected that such bulk samples would be more 
stable than the powders but this happened to be only 
partly the case, as we found that they did still evolve 
slowly in time when kept in air. The sample SCI which 
initially was a mixture of 22 K and 9 K phase did lose 
progressively the 9 K phase signal and finally had only 
the 22 K phase left. As shown in Appendix [B] we could 
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FIG. 3. (Color online) Magnetization data taken with a 
SQUID magnetometer on a non aligned powder sample and 
on three Na3;Co02 single crystal samples with high sodium 
content. The data were taken after slow cooling (5 K/min) 
from room T to 5 K in a field of 100 Oe. The single phase 
powder sample with x~ 0.78 is found to exhibit a single mag- 
netic transition at 22 K. The crystals data were taken for 
H c. SC3 exhibits magnetic transitions at 29 K and 9 K, 
while SC2 exhibits transitions at 22 K and 9 K. If quenched 
down to LN2 temperature, the 9 K transitions are found to be 
suppressed as evidenced here for instance for the SC2 sample. 



even control partly this type of evolution by heat treat- 
ment. 

Our observations essentially agree with those done 
independently by specific heat and magnetization 
measurements,— and with the hierarchy of Neel temper- 
atures with increasing Na content reported in Ref. |23| on 
samples which are apparently similar mixed phase single 
crystals. Then, contrary to our ceramic synthesis done 
in the solid state for the powder samples, it does not 
seem easy to synthesize directly phase pure single crystal 
samples with controlled Na content. This might explain 
the difficulty to fix the Na content by chemical analy- 
sis which measure the total Na/Co ratio, and not that 
actually involved in a specific phase. In view of this evo- 
lution of the single crystals at room T, we decided then to 
keep our three samples in liquid nitrogen to avoid further 
evolutions of their Na contents. This was of particular 
importance for the SCI sample which had progressively 
expelled its 9 K phase and had become a nearly pure 22 K 
phase sample, as will be confirmed below by ^^Na NMR. 
As will be detailed hereafter, these data will furthermore 
allow us to get independent confirmation of the validity 
of our c{x) calibration curve. 

Let us point out that although in Ref. IH Na content 
calibrations do not match ours in Fig. [51 the present 
observations indicate unambiguously that we have been 
performing measurements on samples with the same 
characteristic structural and physical properties as those 
studied by Shu et al^ 
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III. ^^Na NMR DATA 

In the first NMR work done in our group on cobaltates 
we immediately showed that ^'^Na NMR is a powerful 
tool, which allowed us to establish the existence of Na 
atomic order As ^^Na has a spin / = 3/2, the NMR 
spectrum for a single Na site displays a central transition 
and two satellites disposed symmetrically with respect to 
the central line. While the shift of the central line signal 
is governed by the magnetism of the near-neighbor Co 
sites, the distance Az^ between the satellites is linked to 
the quadrupole frequency i^q associated with the magni- 
tude of the electric field gradient (EFG) at the Na site, 
which is governed by the distribution of ionic and elec- 
tronic charges around the Na. 

A. NMR spectra for H || c 

So, as in the x — 2/3 phasej^^ we find here that, with 
an external field applied along the c axis of the powder or 
crystal samples the ^^Na NMR spectrum reflects above 
Tjv the diverse Na sites pertaining to the studied phase. 
The NMR spectra of the oriented powder sample of the 
T/v =22 K phase displayed three well resolved lines on 
the central transition and on the high frequency satel- 
lites, but which overlap for the low frequency satellites 
as can be seen in Fig.|4lja). The three sets of central lines 
detected are similar to those found in the Ref. @ on a sin- 
gle crystal of this Tjv =22 K phase. In both cases the 
less shifted line is the broadest so that one can anticipate 
that it corresponds to a superposition of unresolved lines 
with slightly differing shifts and vq values. 

The 23Na NMR spectrum of the "purified" SCI sample 
in which the 22 K phase is dominant displays identical 
features with a slightly better resolution and slightly nar- 
rower satellite lines - see Fig. \^c) . This indicates that 
the c axis orientation is better defined there, as ensured 
by the easy cleavage, while perfect alignment of the c 
axis is harder to achieve in powder samples. The differ- 
entiation of the high frequency quadrupole satellites in 
the SCI sample is better and ensures the occurrence of 
at least four Na sites distinguished by their distinct vq 
values. 

Let us point out that the ^^Na NMR spectra are quite 
distinct in the 9 K phase as will be shown in Appendix [Cl 
It is quite important now to consider data for iJ _L c to 
be able to sort out the respective local properties of the 
set of resolved Na lines. 



B. NMR spectra for _ff ± c: local symmetry of the 
Na sites 

Taking the data for if _L c is essential to get good 
indications on the local symmetry of the sites. Let us 
recall that the distance Ai/ between the two satellite lines 
which correspond for the ^^Na to the | -o- ^ and — 5 ^ 



— I transitions depends on the orientation of the external 
field with respect to the Z principal axis of the EFG 
tensor which lies in the c axis direction in these lamellar 
systemsi^ Af can be expressed asi^ 

Azy = i^Q(3cos^ 6* - 1 + 77sin^6'cos2<^), (1) 

where rj — (Vxx ~ is the asymmetry parame- 

ter of the EFG tensor and 9 and ip the spherical angular 
coordinates of the field. In the case of powder crystallite 
samples, the observed spectrum for _L c is the superpo- 
sition of the spectra obtained for all possible orientations 
of the a — b plane. A remarkable case, very easy to iden- 
tify, is that for sites with axial symmetry for which 77 = 0, 
so that Av is unique whatever the orientation of the field 
in the a — b plane and exactly occurs at i/q , that is half 
the value Aiy = 2i/q obtained for _ff || c. For non zero 
values of rj the quadrupolar satellites display double horn 
spectra in the powder spectrum as seen in Fig.|4ljb), the 
extension of the double horn being then determined by 
the 77 value. 

The inspection of the spectrum of Fig.lD^b) quite easily 
allows us to identify the existence of an axial site, which 
is found to correspond to that which displays the largest 
shift of the central line in both H \\ c and iJ _L c spectra. 
From the width of the line in the a — sb direction and the 
measured values of Av in the two field directions, an up- 
per limit of 0.02 can be put on its asymmetry parameter. 
As will be seen later the identification of this axial site 
is a quite essential element which will allow us hereafter 
to resolve the Na in plane atomic order. Notice that, as 
can be seen in the c axis spectrum, the intensity of this 
line is much weaker than that of the other Na sites. We 
shall come back on these intensity determinations later. 

The other feature that is easily seen when comparing 
the spectra for iJ _L c. Fig. SJ^b) for the powder sample 
and Fig. Hl^d) for SCI, is the strong analogy between the 
spectra. In both samples the 77 = axial site is detected 
as well as identical double horns. This allows us to con- 
firm that the SCI is not a single crystal in the a—b plane 
and contains at least as many twin boundaries and more 
probably a mosaic of crystallites of in plane Na order, so 
that the SCI spectrum appears quite analogous to the 
powder sample spectrum. However the number of crys- 
tallites is not large enough to span the random angular 
distribution of the powder sample, this being seen as an 
"additional noise" in the iJ _L c spectrum of SCI as com- 
pared to the powder sample case. For both samples the 
simulations of the spectra allow us to establish that the 
three non axial Na sites display large rj values between 
0.5 and 0.7 as listed in Table H 

C. Intensities of the various Na lines and site 
occupancies 

It is quite easy to see in the expanded central line spec- 
tra, for both H \\ c and _L c, and for both samples that 
the most shifted rj — line is the less intense, while the 
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FIG. 4. (Color online) ^'^Na NMR spectra taken in the paramagnetic state on the Naa;Co02 single phase samples with Tjv =22 K. 
The spectra for H \\ c and H L c, displayed on the top (a) and (b) panels for the powder sample were taken in H ~5.9 T. 
In the (c) and (d) panels data for the SCI sample taken for H ~ 7.5 T are displayed. Notice that in all panels the frequency 
sweeps of the full spectrum have been cut between the right and left quadrupole satellites and the central line. An expanded 
view of the latter is shown on the top of each panel and the Na NMR sites are labeled there from 1 to 4 (reported as Na(l) to 
Na(4) in the text). The computer simulations of the NMR spectra with the parameters given in Table [T] are shown as thin red 
lines (see text). 



middle line has lower intensity than the less shifted one, 
that results from the overlap of at least two signals. To 
get accurate relative intensities one needs to take into 
account the decay time of the spin-echo signal which dif- 
fers from site to site, and to control very accurately the 
reproducibility of the results. Also, as we cannot guar- 
antee the phase purity to better than 90% in these cobal- 
tate samples, weak signal components of impurity phases 
might superimpose on those of the dominant phase and 
influence the data. It is then quite difficult to obtain a 
determination of the relative intensities on a single spec- 
trum with an accuracy better than 10%. 

The 77 = line being the most shifted hardly overlaps 
with the other ones and its intensity can be estimated 
relative to the total intensity. We find that the statistical 
number for this ratio, taken on a large series of spectra 
can be secured to (9.5±0.5)% on both the powder and 
SCI samples. This would indicate that this Na(l) NMR 
spectrum corresponds to one Na site over 10 or 11. If part 
of the less shifted side of the spectra includes that of some 
weak intensity impurity phases, the actual intensity ratio 
for the ?7 = line could be rather 10% so that it would 
correspond rather to 1 site on a total of 10. The other 
intensity ratio which can be secured is Na(2)/Na(l) = 



3 ± 0.2, which fully excludes considering 4 sodium sites 
for the Na(2) NMR spectrum. 

As for the less shifted part of the spectrum which in- 
volves at least two sets of lines Na(3) and Na(4), which 
arc poorly resolved, we have refrained from determining 
the relative intensities of these unresolved lines and have 
done only careful determinations of the intensity ratio 
between Na(3&4) and Na(2). Here again the statisti- 
cal determination of this ratio could be evaluated to be 
1.95 ± 0.1. indicating that the less shifted lines corre- 
spond to twice the number of sites of the intermediate 
one. Overall, the most realistic number of sites which 
might be retained would be 6/3/1 with increasing NMR 
shifts, and could hardly be 7/3/1 or 5/3/1, as one would 
expect then an intensity ratio of 2.33 or 1.66 between the 
two intense sets of lines, significantly out of the experi- 
mental error bar. 



D. Full analysis of the Na NMR spectra and T 
dependence of the NMR shifts 

Overall it has been quite possible to simulate the two 
sets of spectra using the magnetic shift [Kxy^Kz) and 
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TABLE I. Parameters used for computer simulations of the 
^■^Na NMR spectra shown in Fig.[4l The principal components 
of the magnetic shift tensor Ka axe given in the principal axes 
{X, Y, Z) of the EFG tensor and measured relative to the '^^Na 
NMR in NaCl solution. The actual error bar on vq is about 
5 kHz and for the magnetic shifts is about 0.005%. 





NMR site 


Na(l) 


Na(2) 


Na(3) 


Na(4) 




Weight 


1 


3 


3 


3 




i^Q (MHz) 


2.026 


1.94 


1.92 


1.88 


Powder 


V 





0.5 


0.7 


0.58 


30 K 


KxY (%) 


0.156 


0.115 


0.077 


0.07 




Kz (%) 


0.156 


0.118 


0.075 


0.073 




VQ (MHz) 


2.044 


1.951 


1.932 


1.88 


SCI 


■n 





0.5 


0.68 


0.57 


80 K 


KxY (%) 


0.1685 


0.136 


0.080 


0.0923 




Kz (%) 


0.164 


0.136 


0.099 


0.0853 



quadrupole parameters {vq, rj) given in Tabic U for the 
four detected sites, as can be seen in Fig.|H Though, the 
respective intensities 3/3/3/1 used cannot be ascertained 
solely by these fits, especially for the two components of 
the lowest shift lines. But one might notice that the 
simulations are similarly good for the powder and SCI 
samples. 

We did follow the T dependence of the shifts Kz{T) 
of the various lines in the spectra, which are plotted in 
Fig. [5] and are quite similar for the powder and SCI sam- 
ples. We also plotted for reference the shift of the outer 
Na(l) line for if _L c that is KxviT). In all cases the 
shifts display a maximum at about 40K as was already 
reported in Rcf. for the mean shift of the spectrum. We 
found that Kxy{T) and KziT) are nearly identical for 
the Na(l) lines but also for the other ones, which confirms 
the isotropy of the spin susceptibility found from SQUID 
data. Furthermore, as was found as well for the x = 2/3 
phase,— the shifts for the various lines scale with each 
other as shown in the inset of Fig. [H This indicates that, 
as concluded as well for the x = 2/3 phase, the various 
Na sites in the structure are detecting the magnetism of 
their neighbouring Co sites through slightly distinct hy- 
perfine paths, and that a single T dependence dominates 
the physical properties. 



IV. 2D STRUCTURE OF THE Na PLANES 

The present results give important elements to decide 
about the Na order and content in this TAr=22 K phase. 
We have therefore considered the Na orderings proposed 
by various authors for 0.75 < x < 0.80. The minimal 
energy structures computed for this x range by Hinuma 
et al. by GGA calculations or GGA+C/ calculations cor- 
respond to Na concentrations 9/12 = 0.75 (Fig. IH^b)) 
and 10/13 « 0.77 (Fig. Wc))M These structures con- 
tain trivacancies, which correspond to a triangle of six 
vacant Na2 sites filled by a trimer of Nal sites at the 
center. The stability of such a cluster of vacancies has 
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FIG. 5. (Color online) T variation of the NMR shifts for 
the ^"^Na lines shown in Fig. |3] for H || c. The full circles 
are the SCI sample data. Here, the average values for Na(3) 
and Na(4) data have been taken to permit comparison with 
the powder sample (empty circles) for which those are not 
resolved. Data for Na(l) in SCI for H A- c are shown for 
comparison as well by full diamonds. The SCI data for || c 
are reported in the insert versus that for // _L c for Na(l), 
showing that a single T dependence dominates the shift for 
all sites in both directions. 



also been emphasized by Roger et al. from simulations 
done for higher sodium concentrationsjS From their neu- 
tron scattering experiments these authors later identi- 
fied two distinct structures which also contain this Nal 
trimer, and apparently occur for x = 12/15 = 0.8 - see 
Figs. We show as weh in Fig. i^d) the unit 

cell with a single divacancy, proposed by Shu et al. for 
X = 11/13 «0.846. They suggested that two such pla- 
nar structures are stacked with one x = 10/13 « 0.77 
layer (Fig. IHUc)) to obtain a structure corresponding 
to X = 0.82, the Na content they proposed for the 
Tjv 22 K phase..^^ 

The structure of Fig. [BJc) corresponds to a 13 cobalt 
planar unit cell with x = 0.77 and four Na sites with 
intensities 1/3/3/3. There the singly occupied Na site 
is an Na2 site with perfect threefold symmetry which 
can be assigned to the t] = low intensity Na(l) site in 
our spectra. The three other have the same occupancies, 
so that our spectra agree with this structure if we con- 
sider that the lowest frequency line combines two lines 
corresponding to 3 Na sites each. The simulations done 
in Fig. with four sites with occupancies 1/3/3/3 are 
therefore fully compatible with this structure. 

The two X = 12/15 structures of Figs. me)(f) pro- 
posed in Refs. [l^ and [13 both exhibit one Na2 site with 
axial symmetry for their first neighbours for (e), or for 
both first and second neighbours for (f), but not at the 
third neighbour level, so that one expects a small rj value 
but not r] = 0. If we tentatively assign the experi- 
mental 77 = line to this site, its intensity would be 
1/12 of the Na NMR intensity, somewhat smaller than 
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FIG. 6. (Color online) 2D Na unit cell (a) for x = 2/3^^, 
calculated in Ref.|2|from GGA+f/ for a; = 9/12 (b) and from 
GGA calculations for a; = 10/13 (c). The Nal sites (filled red 
dots) and Na2 sites (empty black circles) are differentiated, 
and represented above the triangular lattice of Co sites (not 
reported) which are located at all intersections of lines. The 
X = 11/13 structure (d) has been proposed in Ref. [S^ to 
complement (c) in a compatible 3D stacking for x =0.82. The 
two structures (e) and (f) have been proposed for a; = 12/15 in 
Ref. [23 and [S^. Apart (a) and (d), which consist of divacancies 
around isolated Nal, all the other structures correspond to an 
ordering of Na2 trivacancies around a trimer of Nal sites. In 
all cases a 2D unit cell is drawn. The only Na sites with three 
fold symmetry which should give an axial EFG in the '^^Na 
NMR in these structures are distinguished by an extra blue 
circle. 



the actually measured intensity within our experimen- 
tal accuracy. Furthermore these structures differentiate 
six Na sites with intensities 1/2/2/2/2/3 for Fig. E^e) 
and even more sites with intensities 1/1/2/2/2/2/2 for 
Fig. inif). As the Na(l) and Na(2) lines correspond re- 
spectively to 1 and 3 sites, the 8 remaining sodium sites 
would correspond to the Na(3&4), so one would expect 
for the intensity ratio of the two lower shift NMR lines 
Na(3&4)/Na(2) = 8/3 « 2.66 which is largely in excess 
of our data of 1.95 ± 0.1. 

As for the x = 11/13 « 0.846 structure proposed in 
Ref. [2^ shown in Fig. [6ljd), one can see that it has one 
Nal site and one Na2 site which both display a perfect 
axial symmetry, so that these two distinct sites would 
correspond to 77 = 0. If two such planes were stacked with 



the X = 10/13 structure of Fig. ID^c), as proposed in the 
Ref.m, we would expect three distinct locally axial sites, 
which is not compatible with our data for which a single 
site with 77 = is resolved. Also that would result in a 
quite complicated spectrum with up to 7 other different 
Na sites, totally incompatible with the relatively simple 
spectrum detected hcreabove. 

So, for the T^r = 22 K phase, the structure which is 
compatible with all the features of our ^^Na NMR data 
is that of Fig. Ms) with x = 10/13 « 0.77. However in 
the ^'^Na NMR spectra, we are not able in this unit cell 
to assign the Na(2)-Na(4) signals, with 3 sodium posi- 
tions each, which do not have axial symmetry. Such a 
correspondence could only be established by considering 
the 3D stacking of the Na planes, taking into account 
differentiation of the Co sites - see Section |Vl 

If one now considers the synchrotron x-ray data re- 
ported in Ref. [l^ on the samples with Tn =22 K, with 
the same c axis parameter as ours, as well as those on the 
9 K and 29 K phase, they find that they do all correspond 
to a lattice with a 13 cobalt unit cell, that is VT3 * -s/TS- 
Their structural result agrees then with the fact that the 
cells of Fig.|ni[b)(e)(f) with either 12 or 15 Co per unit cell 
cannot explain our ^'^Na NMR data. On the contrary the 
13Co unit cell illustrated in Fig. ^c) proposed in Ref. [26l 
from GGA calculations, for x — 10/13 w 0.77, is fully 
compatible with all the data obtained on the Tn=22 K 
phase, that is: 

- the local symmetries and signal intensities of the Na 
sites detected in our ^"^Na NMR data; 

-the size vTS * \/l3 of the unit cell obtained by single 
crystal x-ray data; 

- the Na content estimated from our c{x) calibration 
curve and that of Ref. [Sll 



V. 3D STRUCTURE OF THE 22 K PHASE ? 

So far we have only done an analysis based on a single 
layer of Na between C0O2 layers. In real crystals one 
has to stack the Na layers to define a 3D structure. We 
further know that in all phases with a; > 0.5 the charges 
of the Co sites are differentiated. For 2/3 < a; < 0.8 we 
have demonstrated the existence of 20 to 40% of Co^+ in 
our samplcsii This has been found as well by others<^ii^ 
So this differentiation of the Co charges depends of the 
stacking of the Na layers above and below the C0O2 layer. 

We have studied that in detail in the case of a:: = 2/3 
for which the Na layer contains two identical Nal sites 
and two distinct Na2 sites with multiplicity 3 as recalled 
in Fig. ini[a) . Due to the high symmetry of that structure, 
the stacking of the layers does not differentiate the Na 
sites of the individual layers and the full crystal structure 
only retains the 3 Na sites of the single layer. 

But with the low symmetry of the unit cell for 
x=10/13, the 3D stacking of this layer could differen- 
tiate the crystallographic sites of the four Na sites distin- 
guished in the 2D structure. Weak splittings can indeed 
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FIG. 7. (Color online) ^^Na NMR spectrum of the SCI sam- 
ple, for H = 13.5 T. In this field a better resolution than 
in Fig. |4jc) is achieved for H \\ c. Here, the Na(2) and 
Na(4) lines exhibit weak splittings which are seen both on 
the central transition and the high frequency satellite. The 
correspondence between central lines and satellite is shown 
by arrows. 



be guessed in the 7.5 Tesla spectra of Fig. S) We have 
then taken data in a higher field of 13.5 Tesla to try to 
better resolve such splittings on the SCI sample in which 
the spectral resolution is better than on the powder sam- 
ple. On the spectrum displayed in Fig. [3 we can indeed 
see that the central line and right satellites arc better 
resolved in this applied field, and we distinguish weak 
subsplittings of the Na(2) and Na(4) lines into lines la- 
beled as Na(2'), Na(2"), Na(4') and Na(4"). Similar sub- 
splitting could be seen as well on the central line data in 
Ref. so that seems to be sample independent and char- 
acteristic feature for this phase with T/v = 22 K. 

If one may consider that the 3D stacking establishes a 
perfect crystalline order, the rough analysis of the NMR 
intensities of the central line and high frequency satel- 
lites would indicate that both Na(2) and Na(4) split into 
two lines with multiplicities of (1:2). Therefore the 3D 
structure could correspond to 6 Na sites with respective 
Na occupancies of 1:2:3/1:2/1, with increasing Na NMR 
shift. 

We attempted to use these differences between Na sites 
to guess the actual stacking of the 10/13 structure. We 
have to recall that this stacking should reveal the order- 
ing of the Co charges differentiated in each plane depend- 
ing of the Na neighbours of each Co site. This would then 
in turn imply a differentiation of the Na sites depending 
of their Co neighbours in the 3D structure. This was 
successfully done in the x = 2/3 phase, where the sym- 
metry of the 2D unit cell stacking was so high that it did 
not result in a further differentiation of the three planar 
Na sites. The situation might be more complicated in the 
present case as we have to determine how the Nal trimers 
arc positioned on the two Na layers below and above the 
C0O2 layers. The number of possibilities is much larger 



in this case than for the 1 = 2/3 phase. Obviously, even 
in the latter case, the knowledge of the charge differen- 
tiation of the Co was necessary to solve the structure. 
We are therefore presently undertaking a detailed study 
of the ^^Co NMR spectra, which might help us to final- 
ize such an analysis and to give us indications on the Co 
charge disproportion in this phase. 



VI. CONCLUSION 

Here we have done a systematic investigation of the 
stable Na ordered phases, and the composition gaps oc- 
curing in Na2;Co02 cobaltatcs in the range 0.65 < a; < 
0.90. Wc focused our attention on the magnetic phases, 
the first one occuring for x = 0.77(1) with Tn = 22 K, 
and did evidence that both our powder and single crystal 
samples give phases with magnetic properties identical 
to those reported in the literature. This allowed us then 
to confirm that the c axis versus x calibration curve we 
have established for long is in good agreement with that 
proposed by producing similar phases by electrochemical 
reduction of Na content 1^ Our results totally dismiss the 
c(x) curve reported by Shu et al. solely by chemical anal- 
ysis of the Na content in their single crystal samplesi^ 
Those methods always give a larger estimate of the ac- 
tual Na content of the dominant phase, inasmuch as the 
extra Na required to grow the single crystals remains in 
the sample as chemical impuritiesi^ 

More importantly, we have performed a specific ^'^Na 
NMR study of pure phase powder and single crystal sam- 
ples of the T/v = 22 K phase and could identify 4 distinct 
Na sites, one of which displaying an axial symmetry. This 
allowed us to identify the 13 Co unit cell of this phase, 
which contains 10 Na (hence x = 10/13 « 0.77), and 
which agrees with the size of the cell proposed by Shu 
et at from their synchrotron x-ray single crystal datai^ 
The agreement of this value of x with that deduced from 
our c{x) calibration docs not call for any complex staging 
for this composition. The 3D unit cell should then result 
from a stacking of 2D x = 10/13 Na unit cells. We could 
not however anticipate so far this 3D stacking solely from 
23Na NMR data. 

The important new feature of these results is that the 
unit cell established here experimentally contains a clus- 
ter of three Na2 vacancies surrounding a triangle of Nal 
sites which has been suggested for long to occur by var- 
ious simulations for larger Na contents i^^'^^ On the con- 
trary for all the ordered phases for x < 0.75 that wc have 
studied so far Na2 divacancies order around isolated Nal 
sites. In the a; = 2/3 phase the Nal sites were found 
directly on top of the Co'^^ sites with fully filled t2g or- 
bitals, and this appears to be the case for all x < 0.75. 
In the present case the disproportionation of Co states 
might be quite distinct. So one might anticipate that the 
A type AF phases which only occur above x = 0.75 can 
be driven by this distinct order of the Na sites. In such 
a case the two significant boundaries anticipated in the 
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Ref . [2^ and [s^ in the phase diagram of Na cobaltates ap- 
pear to be confirmed experimentally. Divacancies order 
in rows below x = 0.65,—, display 2D order for x — 2/3 
which transform into zigzag chains up to x = 0.72i^ 
They disappear then for x = 10/13 and are replaced by 
trivacancies which presumably persist until x = 0.86 as 
suggested by GGA calculations done in Rcfs. [2^ andlsol. 
Further detailed Co NMR data should help us to deter- 
mine the 3D order of the x = 10/13 phase and to identify 
how the charge disproportionation is connected with the 
Na order in these AF phases. 

An important question remains as it is not clear so 
far whether the Co charge disproportionation which is 
not considered in the GGA calculation a^^'^^ is driven by 
the Na order or whether it is an intrinsic property of the 
C0O2 planes. The kagome type of charge structure could 
be anticipated from electronic structure calculations;^ is 
even reinforced by electronic correlationsS^ and happens 
to match perfectly the Na order. It is however harder to 
imagine here that the 13 Co unit cell would be a naturally 
stable configuration of the charge disproportionation of 
the C0O2 plane! 
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Appendix A: NMR control of the powder sample 
after alignment 

To test whether the phase content of the powder sam- 
ple evolved during the alignment process, and that the 
T/v = 22 K remained the majority phase, we monitored in 
Fig.mthe evolution of the ^^Co NMR signal for T < 22 K. 
For H \\ c, the NMR signal intensity at the central line 
position exhibits an abrupt total loss indicating that the 
internal field which develops below Tn completely wipes 
out the '^^Co NMR signal from our observation window. 
Notice that the weak progressive loss seen above 22 K 
is due to the slowing down of the magnetic fluctuations 
when approaching T^v, which shortens the transverse re- 
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FIG. 8. (Color online) Variation with temperature of ^'"'Co 
NMR intensity at the position of central line NMR in the 
paramagnetic phase, for the Tjv =22 K phase powder sample. 
The growth of the internal field in the AF phase shifts the 
■^^Co NMR out of the observation range, hence the low signal 
intensity below Tn- In the inset, the sharpness of the mag- 
netic transition at 22 K is also shown by the increase of the 
^^Na NMR linewidth (see text)). 



laxation time T2 and induces the weak reduction of the 
detected spin echo signal. 

On the contrary, in the AF A type phase, in which the 
Co layers are ferromagnetically ordered in plane, the two 
cobalt planes adjacent to the Na layer induce opposite 
local fields on the ^'^Na nuclei. Those therefore should 
only sense weak extra local fields in the magnetic phase, 
determined by the actual 3D stacking of the Na planes. 
We indeed found that the ^'^Na NMR spectrum only 
weakly broadens below 22 K. As the central line spec- 
tra of Fig. |4|a) are somewhat complicated, we just mon- 
itored this broadening by the distance AH0.2 between 
the two extreme points in the spectrum for which the 
signal intensity is 20% of its maximum intensity, shown 
in the inset of Fig. [8] The purity of the 22 K phase could 
be further confirmed by the absence of any anomaly in 
the ^■^Na NMR spectra in the paramagnetic phase which 
could be associated with the nearby phases with Tn =9 K 
and 29 K which were detected in single crystal (see Ap- 
pendix [C]). 



Appendix B: Sample evolutions upon Na extraction 

Here we studied the evolution with heat treatment of 
a small slice of the SC2 sample which contained both 
the 9 K and 22 K phases. We studied the progressive 
variation of the SQUID magnetization data after curing 
the sample for a few hours under argon atmosphere at 
increasing temperatures. As can be seen in Fig. [S] the 
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FIG. 9. (Color online) SQUID magnetization data taken after 
slow cooling for a slice of the SC2 sample. The magnitude of 
the 9 K transition decreases when the sample is heat treated 
in argon gas at increasing temperatures, while the 22 K transi- 
tion is only slightly modified. Such a heat treatment therefore 
expels progressively the Na from the 9 K phase. 



magnetization signal below 9 K decreased progressively, 
quite faster than that measured betvifeen 9 K and 22 K, 
which is dominated by the contribution of the 22 K phase. 
This allowed us to demonstrate that the 9 K phase cor- 
responds to a slightly higher Na content than the 22 K 
phase, as was also evidenced in the Ref. [23l 

Let us point out that the magnitude of the magnetiza- 
tion below T/v is driven by magnetic anisotropy param- 
eters not well controlled so far. Therefore, from SQUID 
data we only get some indication of the actual phases 
present in the samples, and their transformations, but 
that does not allow us to determine the fraction of phase 
contents in the sample. 

Finally the comparison of our x-ray data, of SQUID 
data taken on the three single crystal samples, shown 
in Fig. [21 their evolution with heat treatment, allowed 
us to establish that the magnetic phases correspond to 
increasing Na content for the 22 K-9 K-29 K phases, in 
quite good agreement with the data of Shu et al. on the 
same phases 



Appendix C: Comparison of the 9 K and 22 K 
phases 

We have seen that the = 9 K phase although hardly 
synthesized as an isolated phase so far, has been however 
detected by many authors. It represents indeed a large 
part of our SC2 sample. We therefore compared the ^^Na 
NMR signal of the SC2 with that of the SCI, which is 
a pure T^r = 22 K phase sample. We did not see any 
modification of the SQUID data of the Tjv = 22 K SCI 
sample with the cooling process and it can be seen as 
well on Fig. \lUlii.,h) that the r=80 K NMR spectra in 
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FIG. 10. (Color online) The H \\ c ^'^Na NMR spectrum, 
taken at 80 K, of the Tjv = 22 K pure phase of the SCI 
sample for the central line (a) and the right satellite (b) does 
not vary with the rate of cooling of the sample. For the SC2 
sample which is a mixture of the Tjv = 22 K and Tn = 9 K 
phases, the spectra of both the central line (c) and the right 
satellite (d) are quite dependent of the rate of cooling through 
200 K. The variation is associated with the contributions of 
the phase with Tn = 9 K when slowly cooled. The spectra 
of the latter, deduced as detailed in the text, are shown in 
panels (e)(f). 



the paramagnetic phase arc also totally independent of 
the cooling process. 

This contrasts with our data for the SC2 sample, for 
which we did find radical changes of the ^'^Na NMR 
spectrum in the paramagnetic phase when quenching the 
sample as displayed in Fig. [TOT cd). So the phase which 
displays a Tjy = 9 K transition upon slow cooling dis- 
plays distinct Na orders depending of the cooling pro- 
cess. The total independence of the SCI signal upon the 
cooling process is then a further proof of the absence of 
Ttv = 9 K phase in this sample. 

All these results are consistent with the observation by 
Schulze et al. that the T/v = 9 K phase was obtained by 
slowly cooling their samplesjii Our NMR results further 
establish that this phase is an independent phase present 
in multiphase samples, and not a transformation of the 
T/v = 22 K phase during the cooling process. 

Let us notice that Morris et al. have taken neu- 

tron scattering data on a sample of similar Na content in 
which they found a structural change occuring at 240 K. 
They attribute this to a shear occuring on the ordered 
Na structure which shifts from the unit cell of Fig. [BJc) 
to that of Fig. EUf). In view of the change observed by 
slow cooling of the 9 K pha se, it might correspond to 
the phase studied in Refs. |22| and [13 although one would 
still need a complete set of data to establish the structure 
they proposed. 

It is then easy to notice in Fig.[TU]that the outer Na(l) 
line is characteristic of the 22 K phase spectrum, so from 
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FIG. 11. (Color online) Part of the x-ray powder spectra 
with (008) reflections for the Tn = 22 K pure phase of the 
SCI sample (black dashed line) and SC2 sample which con- 
tains both Tn — 22 K and Tjv = 9 K phases (red solid line). 
(The double peak structure corresponds here to the two Bragg 
peaks associated with the Cu Kai and Kq2 radiations). 



its intensity in the SC2 spectrum, we could estimate 
that the fraction of 22 K phase in the SC2 sample is 
about 25%. We could then obtain by substraction the 
^^Na NMR spectra of Fig. [TUre)(f). which are respec- 
tively characteristic of the Na order in the slowly cooled 
Tjv = 9 K phase, and of its modification upon quenching. 



To attempt to monitor the relative Na contents of the 
22 K and 9 K phases we studied the (008) x-ray Bragg 
rcfiections for the SCI and SC2 samples. We found (see 
Fig. [TT|) that the SC2 sample displays a small splitting 
of the (008) refiection which, from our c(x) calibration 
curve, would correspond to at most a 1% increase in Na 
content from the 22 K to the 9 K phase. 
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